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Continuous wave Doppler echocardiography has proved 
useful in detecting and quantitating the high velocity flow 
disturbances that characterize many stenotic and re-
gurgitant valvular lesions. Pulsed Doppler echocardi-
ography, in contrast, is limited in its ability to quantitate 
the high velocities that are detected. Recently, new pulsed 
Doppler systems have been developed that employ high 
pulse repetition frequencies and can theoretically mea-
sure higher flow velocities than those measured by the 
standard pulsed Doppler systems. To determine the abil-
ity of high pulse repetition frequency Doppler echo-
cardiography to accurately measure high velocity flow 
signals in comparison with the continuous wave method, 
80 patients undergoing routine echocardiographic ex-
amination for the assessment of valvular heart disease 
were studied using both techniques. 
A total of 113 high velocity flow disturbances were 
detected in 68 patients. In 41 instances, the maximal 
velocities by the two methods were within 0.5 mls of each 
other. In 68 of the 113 high velocity lesions, however, 
the high pulse repetition frequency technique underes-
Continuous wave Doppler echocardiography has proved useful 
in detecting and quantitating the high velocity flow distur-
bances that characterize many stenotic and regurgitant val-
vular lesions (1-3). The continuous wave method is limited, 
however, in that it lacks range resolution and, therefore, 
cannot precisely localize the site of these high velocity jets 
(4). Pulsed Doppler echocardiography, in contrast, permits 
precise determination of the depth from which flow signals 
originate, but is limited in its ability to quantitate the high 
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timated the peak velocity found with continuous wave 
Doppler echocardiography by more than 0.5 m/s. Com-
parison of the peak velocities recorded by the two meth-
ods for the total group showed no significant correlation 
(r = 0.04, P = NS). Comparison of the difference in 
peak velocities obtained by the two techniques with the 
maximal continuous wave velocity (n ::::: 94, r = 0.70, 
slope = 0.71) suggested that the underestimation be-
comes greater as the peak velocity increases. Fifteen of 
the study patients with aortic stenosis subsequently 
underwent catheterization. Using the simplified Ber-
noulli equation (p2 - pI = 4V2), an estimated peak 
aortic gradient was calculated from both the continuous 
wave and high pulse repetition frequency data. The pre-
dicted continuous wave gradient correlated well with 
catheterization data (r = 0.89, p = 0.001); however, 
there was no significant (r = 0.49, p ::::: NS) relation 
between the gradient predicted from the high pulse rep-
etition frequency Doppler recordings and the measured 
gradient. 
(] Am Call CardioI1985;6:565-71) 
velocity signals that are detected. This velocity limitation 
is described by the Nyquist sampling theorem, which states 
that, for a pulsed system, the maximal Doppler shift de-
tectable can be no more than half the pulse repetition fre-
quency (4). Unfortunately, this Nyquist limit is often ex-
ceeded by the Doppler shifts encountered in clinically 
important valvular lesions. Recently, new pulsed Doppler 
systems have been developed that employ higher pulse rep-
etition frequencies and can theoretically measure higher flow 
velocities than can be achieved with conventional pulsed 
systems (5). 
The purpose of this study was to compare the ability of 
high pulse repetition frequency and continuous wave Dop-
pler echocardiography to reliably measure high velocity flow 
in a group of patients undergoing noninvasive evaluation 
for valvular heart disease. 
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Methods 
Selection of patients. To identify a patient group with 
high velocity intracardiac flow disturbances, all patients re-
ferred to the cardiac ultrasound laboratory at our institution 
during a 3 month period were screened. Eighty patients were 
identified with clinically suspected significant valvular heart 
disease. Each patient underwent two complete Doppler ex-
aminations. For the first study, a two-dimensional echo-
graphic-pulsed Doppler instrument (Mark 600, Advahced 
Technologies Laboratories) with a pulse repetition fre-
quency varying from 4 to 20 kHz and a broadcast frequency 
of 3 MHz for both Doppler and imaging was utilized. The 
second study was performed using a two-dirriensional 
echographic-Doppler instrument (Exemplar, Irex Corpora-
tion) that produce~ echographic images using a carrier fre-
quency of 3.5 MHz and pulsed and continuous wave Dop-
pler ultrasound at2.0 MHz. 
Study protocol. In each case, the aortic, mitral tricuspid 
and pulmonary valves were examined for the presence of 
either high velocity forward or reverse flow that suggested 
a stenotic or regurgitant lesion. The window in which the 
expected direction of flow most closely paralleled the path 
of the ultrasound beam was selected as the initial interro-
gation site. Thus, the apex was used as the.primary window 
for the detection of mitral stenosis and regurgitation, tri-
cuspid stenosis and regurgitation and aortic stenosis and 
regurgitation. The parasternal window was used as the pri-
mary site to assess forward and reverse flow across the 
pulmonary valve and as a second location for interrogating 
tricuspid flow. Aortic forward flow was also recorded from 
the suprasternal notch and the right upper sternal border. 
As the study progressed, the transducer position was shifted 
as necessary to optimally record the highest velocity flow 
profiles. 
When signal aliasing was evident with the pulsed system 
at the standard pulse repetition frequency, the latter was 
incrementally increased in an attempt to delineate the peak 
flow velocity. To ensure that the highest velocity flow for 
each valve was recorded, the transducer and sample volume 
were rotated in a tight radial pattern and the sample volume 
depth was increased and decreased in small increments until 
the highest apparent velocity, as determined by the audio 
signal and spectral display, was recorded. 
Once the high pulse repetition frequency study was com-
pleted, the entire examination was repeated using the con-
tinuous wave system. The latter examination was performed 
with and without two-dimensional echocardiography. Both 
the imaging transducer and the dedicated Doppler transducer 
(Pedof) were used to optimize the audio and spectral display. 
Measurements. Studies with both Doppler systems were 
performed by the same operator to minimize differences in 
signal recording caused by differences in technique. In any 
case in which the continuous wave Doppler examination 
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from a particular window recorded a high velocity signal 
that had been undetected by the high pulse repetition fre-
quency examination, the relevant component of the latter 
examination was repeated. 
Recordings from both systems used for analysis were 
those that showed the highest directional velocity profiles 
detected by that technique. Maximal velocity was measured 
at the outer edge of the spectrai envelope at the point of the 
maximal Doppler shift. Only signals that clearly showed 
directional flow were used. Signals that showed bidirec-
tional frequency shifts of similar magnitude or that did not 
show consistent directional flow velocities for at least three 
consecutive beats were not considered to provide useful 
information concerning peak directional flow velocity. For 
purposes of statistical comparison, these signals were ar-
bitrarily assigned a value of zero. To avoid any inadvertent 
bias introduced by this convention, the data are also pre-
sented and statistics calculated without consideration of these 
points. 
Patient characteristics. Sixty-eight of the original 80 
patients were found to have a high velocity flow disturbance. 
For purposes of this study, a high velocity jet was defined 
as a flow disturbance with a velocity of greater than 1.5 
mis, as measured by either or both Doppler methods. This 
group included 35 men and 33 women with a mean age of 
55 years (range 16 to 90). Thirty-seven patients had one 
high velocity lesion noted, 22 had two and 9 had three or 
more such lesions. 
For the entire study group, a total of 113 high velocity 
flow abnormalities were recorded. Specific abnormalities 
included aortic (n = 35), mitral (n = 13), tricuspid (n = 
2) and pulmonary (n = 3) stenosis and aortic (n = 24), 
mitral (n = 16), tricuspid (n = 16) and pulmonary (n = 
4) regurgitation. Thus, both stenotic and regurgitant lesions 
involving each of the cardiac valves were represented in the 
patient group. 
When the maximal velocities detected by the two tech-
niques were different, we assumed that the higher of the 
two was more accurate. Comparison was then made between 
these velocities to determine which technique provided a 
higher velocity more consistently and to analyze the dif-
ference between velocities obtained by the two Doppler 
examinations. 
Statistical analysis. Comparison between velocities 
measured by the continuous wave and high pulse repetition 
frequency methods were made using the least squares method 
of linear regression. 
Results 
Comparisons between the two Doppler methods in 
the overall study group. Figure I compares the peak ve-
locities recorded by the two methods for each of the 113 
high velocity flow lesions identified. In 41 instances, the 
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Figure 1. Comparison of peak (maximal) velocity recorded by 
continuous wave Doppler ultrasound with that recorded by high 
pulse repetition frequency (P,R,F.) Doppler ultrasound in 113 
lesions with high velocity flow, 
maximal velocities by the two methods were within 0,5 mls 
of each other. Figure 2 illustrates the cross-sectional images 
and Doppler velocity profiles recorded using each method 
in one of these cases (a patient with aortic stenosis), 
In 68 of the 113 high velocity lesions (Fig, I), however, 
the pulsed technique underestimated the peak velocity found 
with the continuous wave technique by greater than 0,5 mis, 
Figure 3 is an example of the cross-sectional echocardio-
graphic images and velocity profiles recorded in a patient 
in whom the velocities recorded by the two techniques were 
not similar. In this patient with right ventricular hyperten-
sion, both Doppler methods demonstrated tricuspid regur-
gitation, The peak velocity recorded with the high pulse 
Figure 2. Apical long-axis two-
dimensional echocardiographic im-
ages of the aorta (AO) with associated 
Doppler flow recordings obtained us-
ing the high pulse repetition frequency 
(PRF) Doppler system (lower left 
panel) and continuous wave Doppler 
system (lower right panel), In this 
example, flow velocity by the two 
methods is equaL LA = left atrium; 
LV = left ventricle, 
HIGH PRF 
DOPPLER 
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repetition frequency system, however, was only 2.2 mis, 
whereas with the continuous wave system the peak velocity 
was 4.5 mls. High pulse repetition frequency, therefore, 
underestimated the maximal velocity by 2.3 mis, although 
the examinations were done within minutes of each other 
and from the same acoustic window. 
In 17 cases in which a high velocity jet was found by 
the continuous wave method, no directional flow could be 
detected by the pulsed method. In nine of these patients 
(four with aortic regurgitation, four with mitral regurgitation 
and one with aortic stenosis), the latter method detected 
only frequency dispersion. rather than directional flow, de-
spite increasing the pulse repetition frequency to the max-
imal level. The peak velocity averaged 3.8 mls (range 3.0 
to 6.0). These recordings were made at depths ranging from 
\0 to 15 em, with a pulse repetition frequency ranging from 
15.6 to 20.4 kHz. In eight patients, at the highest pulse 
repetition frequency allowable by the system, no detectable 
signal could be recorded, despite increasing both the Dop-
pler gain and the sample volume length to the maximal 
allowable levels. 
In two patients, the peak velocity recorded by the high 
pulse repetition frequency method exceeded the peak ve-
locity found by the continuous wave method by more than 
0.5 m/s. In two others. both of whom had aortic regurgi-
tation and mitral stenosis. the continuous wave Doppler 
examination identified a high velocity directional flow le-
sion; however, it was unable to clearly distinguish between 
the aortic and mitral diastolic flow jets. which were sepa-
rable by the high pulse repetition frequency method. In these 
cases, the higher velocity lesion was considered to have 
been appropriately recorded by the continuous wave method 
while the lower velocity lesion was considered not to have 
been identified and therefore was assigned a value of zero. 
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Comparison of the peak velocities recorded by the two 
methods for the total group of 113 high velocity lesions 
(Fig. I) showed no significant correlation (r = 0.04, P = 
NS). When lesions in which no directional flow could be 
recorded by one of the techniques were excluded, a poor 
(r = 0.37) but significant (p = 0.001) correlation was 
evident. 
Figure 4 compares the maximal velocity obtained by the 
continuous wave method with the difference in the peak 
velocities obtained by the two techniques, for the 94 lesions 
in which both methods detected measurable directional flow. 
The linear correlation (r = 0.70) between the degree of 
underestimation and the maximal velocity was significant 
(p < 0.001) with a positive slope indicating that the under-
estimation becomes greater as the peak velocity increases. 
Despite this correlation, the pattern of underestimation by 
the pulsed system was so variable that an accurate algebraic 
correction for the degree of underestimation did not seem 
possible. 
Evaluation of patients with aortic stenosis. Fifteen of 
the study patients with aortic stenosis subsequently under-
went cardiac catheterization. This was performed at a mean 
of 22 days (range 0 to 110) after the ultrasound study. Using 
the simplified Bernoulli equation (four times the square of 
the peak velocity), an estimate of the peak aortic gradient 
was made from both the continuous wave and high pulse 
repetition frequency data previously obtained from these 
patients. Figure 5 compares the predicted gradient of both 
methods with the gradient subsequently identified at cardiac 
catheterization. For the high pulse repetition frequency 
method, the correlation was not statistically significant 
(r = 0.49, P = NS). The gradient predicted by the con-
tinuous wave method, however, correlated well with the 
catheterization data (r = 0.89, P = 0.001). 
CONTINUOUS 
WAVE DOPPLER 
4.5 m/sec 1 
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Figure 3. Right ventricular (RV) in-
flow tract recordings from a low para-
sternal window and Doppler recording 
using the high pulse repetition fre-
quency (PRF) (lower left) and contin-
uous wave methods (lower right) in 
a patient with right ventricular systolic 
hypertension and tricuspid valve (TV) 
regurgitation. In this case, the peak 
velocity recorded by the pulsed method 
was roughly half that recorded using 
the continuous wave approach. Since 
the calibration lines for the pulsed study 
are split between alternate fields when 
recorded in the video format, only a 
portion of the calibration lines appear 
in the lower left panel. RA = right 
atrium. 
Discussion 
In 82 (72%) of the high velocity valvular abnormalities 
identified in this study, the high pulse repetition frequency 
Doppler technique recorded directional flow velocities greater 
than 1.5 mis, the approximate Nyquist limit of conventional 
pulsed Doppler systems. However, in 68 (60%) of these 
abnormalities, this Doppler method underestimated the peak 
velocity determined by the continuous wave method, the 
degree of underestimation generally becoming greater as the 
velocity associated with an individual lesion increased. 
Previous studies. Our data appear to differ from those 
reported by others. In a preliminary report by Sahn et al. 
(6), a good estimate of the gradient across pulmonary artery 
bands in open chest dogs was obtained using a high pulse 
Figure 4. Maximal velocity recorded using the continuous wave 
method plotted against the difference between the continuous wave 
and high pulse repetition frequency (P.R.F.) values. This plot 
suggests that the degree to which velocity is underestimated by 
the latter method increases as velocity increases. 
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Figure 5. Comparison of the trans-
valvular gradient predicted from the 
velocities obtained by the two methods 
and the gradient measured at cardiac 
catheterization in 15 patients with aor-
tic stenosis. A, High pulse repetition 
frequency (P.R.F.) method. B, Con-
tinuous wave (CW) method. Note the 
better correlation with this method. 
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repetition frequency Doppler system (6). In this same study, 
eight children with aortic and four with pulmonary stenosis 
were also examined using this technique and the transval-
vular gradients measured at the time of catheterization were 
accurately predicted (r = 0.88). In measuring flow veloc-
ities in vitro, the same group found a good correlation be-
tween the high pulse repetition frequency Doppler method 
and measurements made using a laser system (7). In a patient 
group with pulmonary hypertension, tricuspid regurgitant 
velocities were accurately measured using this same method, 
although many of these patients were interrogated from the 
parasternal window, where the jet is in the near field (8). 
In another study (5) of children with aortic and pulmonary 
stenosis, an excellent correlation was found between aortic 
and pulmonary valve gradients measured at cardiac cathe-
terization and gradients estimated using the same pulsed 
instrument used in this study. 
The fact that the transvalvular gradient could be predicted 
by the high pulse repetition frequency method in these stud-
ies suggests that the velocities were appropriately recorded. 
Although, in several of these, the relative abilities of high 
pulse repetition frequency and continuous wave Doppler 
methods were not compared, it can be assumed that the 
results would have been similar. However, because these 
studies dealt with open chest animals and children, atten-
uation should have been less and access far easier than in 
our adult patients. Further, because these investigators were 
studying lesions in the near field, it should have been pos-
sible to increase the pulse repetition frequencies to much 
higher levels before having to introduce additional sample 
volumes. In one study (5), for example, 83% (30 of 36) of 
the studies were performed at a depth of less than 12 cm, 
whereas in our adult group, most of the high velocity lesions 
were detected at a depth of 12 cm or greater. 
Another preliminary report (9) demonstrated the ability 
of the high pulse repetition frequency technique to measure 
velocities in the region of a stenotic valve in a flow tank. 
However, these investigators measured the systolic spectral 
area, a variable relating to frequency dispersion, rather than 
peak velocity. The same group (10) used pulsed Doppler 
ultrasound to measure the area under the diastolic velocity 
curve in nine patients with mitral stenosis. The maximal 
velocities analyzed, however, were all less than 2.5 mis, a 
velocity range over which our data suggest that this method 
is less likely to be inaccurate. 
In a preliminary study by Otto et al. (II), in which adult 
patients with aortic stenosis were studied by the high pulse 
repetition frequency Doppler method, a good correlation 
(r = 0.92) was found between the peak to peak gradient 
measured at catheterization and the gradient predicted by 
the Doppler technique. These results appear to be in direct 
conflict with our own. However, closer inspection of the 
data suggests that the results may not be as divergent as 
they might appear initially. In the study by Otto et aI., 3 
of the 13 patients initially entered were rejected because of 
technically inadequate studies; in our own study, no patients 
were excluded. Second, all of their high pulse repetition 
frequency studies were performed in patients with the clin-
ical diagnosis of aortic stenosis; our study included multiple 
lesions involving all four valves, many of which were not 
included in the referring diagnosis. Third, their patients were 
selected from those showing frequency aliasing on an earlier 
pulsed Doppler study, whereas our patients had no prior 
Doppler data to indicate the location or severity of the lesion. 
Finally, several of their patients did not have lesions with 
a velocity greater than 1.5 mls and, hence, would not have 
been included in our study group. In our study, therefore, 
patients were examined much earlier in their workup, at a 
point where failure to detect the presence of a critical gra-
dient could potentially lead to significant underdiagnosis and 
mismanagement. 
Finally, a more recent investigation by Rothbart et al. 
(12) of adult patients with aortic stenosis also compared the 
use of high pulse repetition frequency and continuous wave 
Doppler estimates of gradient. In 28 (65%) of 45 consecutive 
patients, the continuous wave Doppler method recorded a 
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higher velocity than the pulsed method, a result similar to 
the underestimation in 68 (60%) of 113 patients in our series. 
Their correlation between peak instantaneous catheterization 
gradients and continuous wave Doppler-predicted gradients 
(r = 0.90) was far superior to the correlation between cath-
eterization and the high pulse repetition frequency gradients 
(r = 0.69). These results essentially concur with our data. 
Physical and Technical Factors 
Several physical and technical considerations may ex-
plain these observations. Before discussing these, however, 
it is important to remember that the frequency-shifted sound 
waves reflected by moving red blood cells are relatively 
weak compared with the high amplitude, nonfrequency-
shifted signals derived from the larger specular reflectors 
that characterize the imaging portion of the study. There-
fore, the Doppler method is inherently limited by the low 
signal to noise ratio of the Doppler shifted signals, and any 
factor that tends to adversely affect this ratio will limit the 
ability of a Doppler system to record accurate velocity in-
formation (13). 
Transit time effect. The duration of the encounter be-
tween the ultrasound pulse and the reflector is one of the 
fundamental limiting factors in all range-gated ultrasound 
interrogations. Reflective power varies directly with pulse 
length and inversely with the velocity at which the target 
moves through the beam. Thus, the situation in which a 
short pulse interrogates a target moving at high velocity is 
the most susceptible to transit time uncertainties. In the 
extreme, the encounter between the short range-gated Dop-
pler sound pulse and target may be so brief that its contri-
bution to the power spectrum is inadequate for frequency 
identification by spectral analysis (4,13,14). As a result, a 
pulsed system would be expected to encounter the greatest 
difficulty in signal recognition at high velocities, a finding 
that is consistent with the results of our study. 
Frequency-dependent attenuation in tissue and 
broadcast bandwidth. It is well recognized that higher 
frequencies are attenuated more rapidly as they pass through 
tissue than are lower frequencies. The high pulse repetition 
frequency system employed in this Doppler study utilized 
a carrier frequency of 3.0 MHz, whereas the continuous 
wave system used a carrier frequency of 2.0 MHz. The 
latter system would, therefore, be expected to suffer less 
tissue attenuation and have a better signal to noise ratio. 
Frequency-dependent attenuation may also exhibit a dif-
ferential effect when the actual signal that is transmitted has 
a range of frequencies other than those solely at the intended 
carrier frequency. The broadcast bandwidth is inversely pro-
portional to crystal excitation time (14). In the continuous 
wave Doppler method, the crystal subsides into resonance 
under the influence of a prolonged single frequency exci-
tation pulse, and there is a narrow band of frequencies 
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emitted. In contrast, in the pulsed system the single crystal 
is used alternatively to broadcast and receive. Under the 
influence of a short power burst, the pulsed system emits a 
broader range of frequency components. In this case, 
frequency-dependent tissue attenuation may cause a false 
downward shift of the frequency of the received signal due 
to preferential preservation of lower frequency components. 
The continuous wave approach, with its narrower broadcast 
spectrum, should be less affected by this phenomenon than 
is the high pulse repetition frequency Doppler method, which 
is again consistent with the results of our study. 
Differential attenuation of frequencies should be pro-
portional to the amount of tissue penetrated and should, 
therefore, figure more prominently in studies where the flow 
jet is examined in the far field of the transducer. Thus, one 
would anticipate that this would pose a greater problem in 
the adult patients examined in our study than, for example, 
in pediatric patients. 
Effects of transducer shape and size. The continuous 
wave instrument used in this study allows Doppler inter-
rogation with or without simultaneous two-dimensional im-
aging. When Doppler interrogation is performed alone, one 
can switch to a smaller (Pedof) dedicated Doppler trans-
ducer; this fits well into intercostal spaces and into the su-
prasternal notch. The high pulse repetition frequency system 
allows Doppler interrogation only with the imaging trans-
ducer, which has a larger footprint than the dedicated con-
tinous wave transducer. Furthermore, the mechanical trans-
ducer used for the pulsed Doppler method is housed in a 
plastic case and surrounded with an oil bath to reduce fric-
tion. These may attenuate the signal and decrease the signal 
to noise ratio. 
Reduced power output per pulse. The energy emitted 
by the pulsed Doppler system is a function of the power 
per pulse times the pulse repetition frequency. In deference 
to industry standards, the maximal energy output of the 
instrument per time is not changed when the pulse repetition 
frequency is increased. As a consequence, as the frequency 
is increased, the power per pulse decreases proportionally. 
Because the amplitude of a reflected wave is a function of 
transmission power per pulse, decreasing power decreases 
the signal to noise ratio, limiting the ability of the instrument 
to appropriately sense high velocity shifts. 
Beam profile. The beam profile of transducers used in 
continuous wave Doppler studies is generally wider than 
that of the transducers used in pulsed systems. Therefore, 
it may be easier to direct a continuous wave beam through 
a high velocity jet than to do so with its narrower pulsed 
counterpart. Furthermore, in the pulsed format, even if the 
high velocity jet is intersected by the beam, it will not be 
recorded unless the depth of the sample volume is also 
correctly positioned. Thus, the demands on the operator may 
be greater with the pulsed than with the continuous wave 
systems. 
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Operator-related error. In this study, both the high 
pulse repetition frequency and continuous wave examina-
tions were performed by the same individual at the same 
sitting. This should have minimized discrepancies caused 
by changes in the patient's physiologic status or variability 
in the technical expertise of the operator. Furthermore, our 
protocol favored, if anything, the high pulse repetition fre-
quency instrument in that the pulsed examination was re-
peated whenever the continuous wave examination revealed 
a high velocity lesion that had been undetected on the initial 
pulsed examinatiort. 
Conclusions. The high pulse repetition frequency Dop-
pler method was developed to permit recording of velocities 
above the range normally available with conventional pulsed 
systems while still retaining range resolution. The similarity 
of velocities recorded using this approach with those ob-
tained using the more established continuous wave method 
in many of our patients and the favorable results of others 
suggest that in the appropriate environment the pulsed ap-
proach is successful. However, the failure of the high pulsed 
repetition frequency Doppler system to accurately resolve 
high velocity flows in the majority of our adult patients 
when compared with the continuous wave Doppler system 
indicates that in more difficult cases the usefulness of this 
method may be limited by physical and technical problems. 
We thank Richard Lee. PhD for his contribution and Kathleen Lundgren 
for help in preparation of the manuscript. 
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